Description 

Adaptive Fuel Injector Trimming during a Zero Fuel Condition 

Technical Field 

This invention relates generally to a fuel injector, and more 
specifically, to the trimming of fuel injectors. 

Background 

Electronically controlled fuel injectors are known to change over 
time in fuel injection quantity for a given injector signal on-time. Inconsistency 
in the amount of fuel delivered can lead to higher undesirable emissions 
requirements than if the fuel injector was calibrated. 

One potential solution to this problem is the periodic recalibration 
of the fuel injector during routine servicing. Relying on this approach, however, 
is dependent on the routine servicing actually occurring, and occurring at an 
interval that is shorter than that which allows the fuel injector to substantially 
deviate from its initial fuel injection characteristics. 

Summary of the Invention 

The present invention provides apparatuses and methods for 
controlling a fuel injector. A fuel shot is injected during a zero fuel condition. A 
rail pressure drop corresponding to the fuel shot is determined. A change in 
engine speed corresponding to the fuel shot is determined. An adjustment to the 
fuel injection as a function of the rail pressure drop and the corresponding change 
in engine speed is determined. 

Brief Description of the Drawings 

Figure 1 is a fuel system utilizing a common rail fuel injector 22 
according to one embodiment of the invention. 



Figure 2 is a graph showing the rail pressure of a fuel injector 
during a zero fuel condition according to one embodiment of the invention. 

Figure 2b is a graph showing an engine speed of an engine having 
the fuel injector of Figure la during a zero fuel condition according to one 
embodiment of the invention. 

Figure 3 is a flowchart showing a process for adjusting the 
performance of a fuel injector according to one embodiment of the invention. 

Detailed Description 

Referring to Fig. 1, a fuel system utilizing a common rail fuel 
injector 22 according to one embodiment of the invention is shown. Although for 
exemplary purposes, the discussions herein describe a common rail fuel injector, 
the invention may apply equally to other types of fuel injectors. A reservoir 10 
contains fuel at an ambient pressure. A transfer pump 12 draws low-pressure fuel 
through fuel supply line 13 and provides it to high-pressure pump 14. High- 
pressure pump 14 then pressurizes the fuel to desired fuel injection pressure 
levels and delivers the fuel to fuel rail 16. The pressure in fuel rail 16 is 
controlled in part by safety valve 18, which spills fuel to the fuel return line 20 if 
the pressure in rail 16 is above a desired pressure. The fuel return line 20 returns 
fuel to low-pressure reservoir 10. 

Fuel injector 22 draws fuel from rail 16 and injects it into a 
combustion cylinder of the engine (not shown) by ways known to those skilled in 
the art. Fuel not injected by injector 22 is spilled to fuel return line 20. An 
engine control module, such as Electronic Control Module ("ECM") 24 provides 
general control for the system. ECM 24 receives various input signals, such as 
from pressure sensor 26 and a temperature sensor 28 connected to fuel rail 16, to 
determine operational conditions. ECM 24 then sends out various control signals 
to various components including the transfer pump 12, high-pressure pump 14, 
and fuel injector 22. 



Figure 2 is graphs showing the rail pressure (Fig 2a) of a fuel 
injector (not shown) and engine speed (Fig 2b) of an engine having the fuel 
injector during a zero fuel condition according to one embodiment of the 
invention. A zero fuel condition may be any condition of the engine where the 
fuel injector normally injects no fuel or substantially zero fuel. Some examples 
of this may be a deceleration, such as slowing from a powered condition to an 
idle condition, and an engine "key-off condition where the engine is 
commanded to shut down. 

Figure 2a shows a graph 30 of rail pressure for a fuel injector 
during a zero fuel condition according to one embodiment of the invention. As 
mentioned above, the rail pressure is the pressure of the fluid supplied to the fuel 
injector 

At time zero, during a zero fuel condition the rail pressure may be 
substantially stable at some predetermined value or steadily changing at a 
predictable rate. At a time slightly before time Ti the fuel injector is commanded 
to inject fuel. After a short delay, at around time Ti the fuel injector begins to 
inject fuel, and the rail pressure begins to drop from the stable condition or 
relative to the predictable rate. At around time T 2 the fuel injector finishes its 
fuel injection, and rail pressure begins to build back to its steady state pressure if 
demanded by the controller or continues to change steadily at the predictable rate. 

Figure 2b is a graph 32 of engine speed during a zero fuel 
condition for an engine having a fuel injector that has a rail pressure according to 
Fig 1 a, according to one embodiment of the invention. As can be seen, during 
the zero fuel condition the engine speed 32 decreases from its powered engine 
speed towards zero. For simplicity purposes, the decrease in engine speed is 
depicted as being linear, although it could have other characteristics as known by 
those skilled in the art. At around time Ti, when the fuel injector begins to inject, 
the rate of decay for the engine speed may be attenuated. This can be seen by the 
reduced slope of the engine speed 32 between times Ti and time T 2 . 



At around time T 2 , the fuel injector finishes its injection. 

At around time T 3 the fuel is fully combusted by ways known to 
those skilled in the art. Typically there may be a slight delay time from the end 
of fuel injection to the end of combustion and the end of the power stroke of a 
piston in the cylinder receiving the fuel injection. The lag time between time T 2 
and time T 3 may vary by ways known to those skilled in the art, and in some 
embodiments of the invention, could be substantially zero. 

Although the rate of change in the engine speed is shown as only 
reducing the rate of decay, in other embodiments of the invention, depending on 
the quantity of fuel injected at time Ti the engine speed 32 could actually 
increase, i.e., graph 32 would have a positive slope starting at around time Ti. 

At around time T 3 the combustion and power stroke of the piston 
are substantially complete, and the decay in engine speed begins again. 

The rail pressure monitoring and the fuel injection may be 
performed during a zero fuel condition to maximize the stability of the rail 
pressure. If other fuel injections are occurring, such as in other cylinders of the 
engine, the fluctuations in rail pressure from those injections may affect the rail 
pressure of the fuel injector being analyzed. By performing the analysis during a 
zero fuel condition, these fluctuations are minimized, or removed altogether. 

Another potential benefit to performing the analysis during a zero 
fuel condition may be that the engine speed may be relatively slow, since fuel is 
not being delivered to the engine. This may allow for increased resolution in the 
measurements that are being performed because, for example, the engine's 
operating characteristics are not in rapid flux. 

In embodiments of the invention, during a zero fuel condition, 
such as engine shutdown, the engine controller may need to remain active and 
powered to perform the fuel injector analysis and adjustment. A simple timer 
that delays the shutdown of the engine controller when the adjustment to the fuel 
injector is desired may accomplish this, for example. 



In some embodiments of the invention, a potential benefit to 
performing the adjustment during an engine shutdown is that the engine 
controller normally does little or no processing during engine shutdown. Thus, 
there may not be any issues regarding resource sharing and availability of the 
engine controller. 

Similar to the delay of the engine controller shut down, the 
shutdown of the fuel system may also need to be delayed for obvious reasons. 

Figure 3 is a flowchart 40 showing a process for adjusting the 
performance of a fuel injector according to one embodiment of the invention. In 
block 42 it is determined whether or not the engine is operating in a zero fuel 
mode. This may be accomplished by various ways, such as, for example, by 
monitoring the rail pressure of the fuel injector(s) of the engine. If the rail 
pressure is substantially constant, this typically indicates that no fuel injections 
are occurring, and a zero fuel condition exists. Similarly, the key position for the 
engine may be monitored. If the key position is in an ignition off position, then a 
zero fuel condition likely exists. Other ways to determine a zero fuel condition 
known to those skilled in the art may also be used, as appropriate. 

If zero fuel mode is found to not exist for the engine, control 
reverts back to block 42. If zero fuel mode is found to exist, control passes to 
block 44. 

In block 44 the fuel injector is commanded to inject a given 
quantity of fuel. The precise quantity of fuel chosen may vary depending on 
operating characteristics of the fuel injector, or even on a whim. 

In block 46 the drop in rail pressure for the fuel injector as a result 
of the fuel injection is determined. This value is indicative of the quantity of fuel 
injected into the cylinder of the engine. 

In block 48 the change in engine speed as a result of the fuel 
injected. In embodiments of the invention, the change in the rate of decay of the 
engine speed may be used. 
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[29] In block 50, an adjustment to the fuel injector is determined as a 

function of the commanded fuel injection quantity, the drop in rail pressure, and 
the change in engine speed or rate of change in engine speed. In another 
embodiment of the invention, only one of the commanded fuel injection quantity 
and the drop in rail pressure, in combination with the change in engine speed, 
may be used to determine the adjustment to the fuel injector. 

[30] It may be noted that in some embodiments of the invention, the 

drop in rail pressure may tend to be independent of the load on the engine, e.g., 
the application, as well as inertial qualities of the engine itself, while the change 
in engine speed for a given amount of fuel injection will typically be dependent 
on the load on the engine. Thus, if determining the drop in rail pressure is 
omitted, it may be necessary to have data on the load on the engine in order to 
accurately adjust the fuel injector. 

[31] If, for example, the change in engine speed was less than expected 

for a given amount of time, or the rate of change was greater than expected, in the 
case of an engine speed that is normally decreasing, e.g., a zero fuel condition, 
then the fuel injector may be injecting less fuel than desired for a given command 
to inject, and may be adjusted appropriately by ways known to those skilled in 
the art. If the change in engine speed for the given amount of time is greater than 
expected, or the rate of change was less than expected, in the case of an engine 
speed that is normally decreasing, then the fuel injector may be injecting more 
fuel than desired for a given command to inject, and may be adjusted 
appropriately by ways known to those skilled in the art. In either case, the 
expected change in engine speed or rate of change of engine speed may be 
determined by various ways known to those skilled in the art, such as, for 
example, baseline testing of the engine and fuel injector, modeling the expected 
performance of the engine and fuel injector, or other techniques known to those 
skilled in the art. 



-7- 



[32] In one embodiment of the invention, the adjustment to the fuel 

injector may be changing the duration of the signal that causes the fuel injector to 
inject. Typically by increasing the duration of this signal, the fuel injector 
remains open longer, injecting more fuel. Similarly, by shortening the duration 
of this signal, the fuel injector closes earlier, injecting less fuel. This may be 
accomplished in embodiments of the invention by modifying an engine map that 
correlates fuel delivery with fuel injector on-time. 

[33] In other embodiments of the invention, other techniques for 

adjusting the fuel injector known to those skilled in the art may be used. 

[34] In other embodiments of the invention, the process for adjusting a 

fuel injector may involve measuring an initial engine speed rate of decay, 
injecting a predetermined quantity of fuel, measuring the new engine speed rate 
of decay, and measuring again without a new fuel injection. The speed changes 
between the injection period and the non-injection period can then be compared 
to determine the actual performance of the fuel injector. 

[35] In other embodiments of the inventions, the adjustment to the fuel 

injector may occur only after several zero fuel conditions occur. For example, 
the analysis of the fuel injector performance may be performed several times, 
with the adjustment to the fuel injector performance being an average of the tests. 
This type of testing regime may account for random environmental factors that 
could have an effect on fuel delivery. 

[36] Other variations are also possible. For example, for a multi- 

cylinder engine, it may be possible to sample the conditions for cylinder 1 during 
the first zero fuel condition, sample the conditions for cylinder 2 during a second 
zero fuel condition, etc., cycling through the cylinders until sufficient data has 
been collected to reliably make the electronic adjustment. 

[37] In embodiments of the invention, the precise timing of the 

beginning of injection of the fuel shot may be varied. Obviously, the effect on 
engine speed may vary and need to be accounted for as a function of when the 



injection occurs by ways known to those skilled in the art. For example, injecting 
early in the power stroke may not provide as much time for the combustion 
pressure within the cylinder to act on the piston, resulting in less force for the 
power stroke and therefore a smaller change in engine speed when compared to 
injecting during the compression stroke. 

Similarly, in multi-shot fuel injection strategies, the fuel shot for 
adjustment of the fuel injector could be the first, second, third, etc. shot of the 
multi-shot injection strategy. 

In some embodiments of the invention, the above techniques for 
adjusting a fuel injector may not be used every time the engine enters a zero fuel 
condition. It may be desirable, for improved accuracy, for example, to only 
perform the analysis and adjustment when the engine is at predetermined 
conditions, such as a working temperature, as indicated by coolant temperature or 
oil temperature, and having a relatively stable rail pressure. 

Although the above discussion has focused on analyzing the 
injector during a zero fuel condition, in other embodiments of the invention any 
controlled, predictably known conditions of operation for the engine may be 
used. 

Industrial Applicability 

The present invention may be used to recalibrate the fuel injectors 
on engines to compensate for the natural change in the quantity of fuel injected as 
the injector ages. This may result in more consistent fuel quantities injected for a 
given command over the life of the injector, which in turn may lead to reduced 
emissions and increased fuel economy. 

The recalibration may be automatically performed whenever a 
zero fuel condition or other appropriate controlled, predictably known condition 
exists. This will likely result in a more frequent recalibration of the fuel injector 
than conventional prior art techniques tend to use. 



From the foregoing it will be appreciated that, although specific 
embodiments of the invention have been described herein for purposes of 
illustration, various modifications may be made without deviating from the spirit 
or scope of the invention. Accordingly, the invention is not limited except as by 
the appended claims. 



